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BAND-RECONFIGURABLE AND
LOAD-ADAPTIVE POWER AMPLIFIER

CLAIM OF PRIORITY

This application 1s a continuation U.S. patent application
Ser. No. 14/786,890, which in turn claims priority to U.S.
Provisional Application No. 61/815,542, which 1s entitled
“A Tunable GaAs Power Amplifier For Broadband and
Large Power Range Applications,” and was filed on Apr. 24,
2013, the entire contents of which are hereby incorporated
by reference herein.

TECHNICAL FIELD

This document relates generally to electronic circuits and,
more particularly, to amplifier electronic circuits that are
tunable over a range of frequencies.

BACKGROUND

Power amplification (PA) 1s a significant portion of power
consumption 1n wireless transceivers. Next generation
mobile wireless communication systems require both high
power and high efliciency power amplifiers to provide good
communication quality and long battery life. Some designs
for high efliciency and high power PAs are known to the art,
and many of the amplifiers are implemented based on
Class-E and Class-F amplifier topologies. Modern band-
width-eflicient communication signals usually have high
peak-to-average ratios (PARs), which makes the PA operate
with significant power back-ofls. For example, most of the
4G systems are based on orthogonal frequency-division
multiplexing (OFDM) signals, which include multiple inde-
pendent carriers where each carrier transports parallel data.
For 54 Mbps 64-QAM signal of IEEE 802.11g WLAN 1s
composed by 48 carrier signals and four pilot signals with
PAR of over 10 dB. Existing amplifier designs that are
configured for these applications require extra circuits, such
as envelope amplifier for dynamic biasing and an additional
peak PA for the Doherty topology, which introduce addi-
tional losses, size 1ssues, and increase the complexity of the
entire circuit. Comparatively, dynamic load modulation
(DLM) 1s a known method for improving the efliciency at
power back-offs. DLM utilizes tunable output matching
networks (OMNs) with passive tuning components which
do not consume DC power and can be designed as a part of
the OMN.

Five characteristics are desired for power amplifiers in
high-frequency applications: high power (typically >1 W),
high peak efliciency (>60%), broad bandwidth (up to one
octave), high linearity, and efliciency enhancement at power
back-ofls (>30% at 6 dB back-ofl). Neither the existing
fixed-frequency nor tunable power amplifier designs that are
known to the art meet all four of the desired characteristics
simultaneously. Consequently, improvements to amplifiers
that enable high power output, high efliciency, wide band
tunability with strong linearity, and high efliciency 1n power
back-ofl situations would be beneficial.

SUMMARY

An embodiment of a tunable power amplifier includes
continuous tunability for both frequency and power levels.
The amplifier’s output matching circuit comprises a tunable
portion and a static portion. The tunable portion 1s formed by
a variable capacitor and a fixed inductor connected 1n series.
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2

This tunable portion 1s placed between the transistor output
and the static portion which 1s a fixed broadband matching
network. This output matching circuit enables a wide range
of operating frequencies, which are 1n a range of 0.7 GHz to
2.7 GHz in one embodiment, while being capable of per-
forming dynamic load line modulation within more than 10
dB power range. In one embodiment, the amplifier operates
with a power output of 2 W and efliciency of 60%-70% at
peak power and >30% at 10-dB back-ofl. Besides high

clliciency, high linearity can also be achieved with this
tunable power amplifier topology meeting the 4G wireless

communication standard 1n one embodiment 1n which adja-
cent channel leakage ratio (ACLR) 1s <-335 dB. The ampli-
fier enables high power, high efliciency, high linearity,
broadband and load-modulated power amplification, which
1s greatly desired for next-generation wireless communica-
tion systems and other high-frequency applications.

In one embodiment an electronic circuit includes an 1nput
matching network, a fixed output matching network, a
transistor, and a tunable resonator. The transistor includes a
gate connected to the mput matching network, a source
connected to ground, and a drain directly connected to an
input of the tunable resonator. The tunable resonator
includes a varactor having an mput directly connected 1n
series to the drain of the transistor and the input of the
varactor being configured to be connected to a drain voltage
source, and an inductor having an input connected 1n series
to an output of the varactor and an output connected to the
fixed output matching network.

In another embodiment, a method for signal amplification
has been developed. The method includes generating with an
input matching network an impedance matched signal cor-
responding to an mput signal, the impedance matched signal
being provided to a gate of a transistor to control operation
of the transistor, generating with the transistor an output
through a drain of the transistor that 1s directly connected to
an 1put of a varactor 1n response to the impedance matched
signal from the input matching network, and generating with
the varactor and an inductor connected to an output of the
varactor an amplified output signal corresponding to the
input signal.

In another embodiment, a tunable matching circuit has
been developed. The circuit includes a varactor having an
input configured to be connected directly to an mput signal
source, an inductor having an input connected 1n series to an
output of the varactor, and a fixed output matching network
comprising at least one inductor-capacitor (LC) circuit with
an input that 1s connected 1n series to an output of the
inductor and an output that i1s configured to be connected to
an output load.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of an amplifier electronic
circuit.

FIG. 2 1s a schematic diagram of one embodiment of the
amplifier electronic circuit of FIG. 1.

FIG. 3 1s a schematic diagram and set of Smith chart
impedance plots depicting the operation of a tunable reso-
nator and fixed output matching network 1n the amplifiers of
FIG. 1 and FIG. 2.

FIG. 4 1s a set of Smith chart impedance diagrams
depicting the operation of the tunable resonator and fixed
output matching network in the amplifiers of FIG. 1 and
FIG. 2 at operating frequencies of 1 GHz, 1.5 GHz, and 2
GHz.
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FIG. 5 1s a set of Smith chart impedance diagrams
depicting the operation of the tunable resonator and fixed

output matching network in the amplifiers of FIG. 1 and
FIG. 2 for bias voltages that control a varactor in the tunable
resonator at 2V, 20V, and 80V.

FIG. 6 1s a set of graphs depicting bias voltage levels and
elliciency characteristics for the operation of the amplifier of
FIG. 2.

FIG. 7 1s a set of graphs depicting gain and etliciency
levels during dynamic load modulation operations with the
amplifier of FIG. 2.

FIG. 8 1s a graph that depicts bias voltage levels for
different maximum power and 10 dB back-ofl levels for the
amplifiers of FIG. 1 and FIG. 2.

FIG. 9 15 a set of graphs showing load adaptation for the
amplifiers of FIG. 1 and FIG. 2 at different power levels.

FIG. 10 1s a set of graphs depicting power added efli-
ciency and adjacent channel leakage ratios for the amplifiers
of FIG. 1 and FIG. 2 at different power levels.

FI1G. 11 15 a schematic diagram of an impedance matching
clectronic circuit.

FIG. 12 1s a schematic diagram of one embodiment of the
impedance matching electronic circuit of FIG. 11.

DETAILED DESCRIPTION

For the purposes of promoting an understanding of the
principles of the embodiments described herein, reference 1s
now be made to the drawings and descriptions in the
following written specification. No limitation to the scope of
the subject matter 1s intended by the references. This patent
also includes any alterations and modifications to the 1llus-
trated embodiments and includes further applications of the
principles of the described embodiments as would normally
occur to one skilled in the art to which this document
pertains.

While some embodiments of tunable amplifiers are
known to the art, the embodiments described below 1include
novel features that are not present in existing tunable ampli-
fiers. In a non-limiting example of novel structure that is
described in more detail below, an amplifier that 1s tunable
over a wide range of frequencies with strong linearity (e.g.
ACLR 1s <-35 dB) and high efliciency only requires a single
variable capacitor component, such as a varactor, to provide
tuning for the amplifier in combination with a fixed output
matching network that does not require dynamic compo-
nents such as variable capacitors and variable inductors.
Additionally, the embodiments described include a transistor
in an amplifier has a drain that 1s directly connected to an
input of the varniable capacitor that is connected 1n series
with an inductor to form a tunable resonator. In some
embodiments, the variable capacitor 1s a varactor having a
range of capacitance values that are adjusted using a biasing,
voltage. This differs from the typical prior art arrangement
of tunable amplifiers where the switch 1s connected to an
inductor and resonators.

FIG. 1 depicts a schematic diagram of an amplifier
clectronic circuit 100 that includes a tunable component to
enable amplification of frequencies over a wide frequency
band with a high degree of linearity over the frequency band
and a predetermined power output band. The amplifier 100
includes a transistor 104, a drain-source capacitor 112, a
tunable resonator 120, an mput matching network 136, a
gate inductor 142, drain inductor 152, and a fixed output
matching network 160. The transistor 104 includes a gate
106, drain 108, and source 110. The tunable resonator 120
turther includes a varactor 122 and an inductor 124. An mnput
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of the varactor 122 1s connected to the transistor 104 directly
in series with the drain 112 without any additional inductors
or other components placed in a series connection between
the drain 112 and the input of the varactor 122. The output
of the varactor 122 1s connected 1n series with an input of the
inductor 124, and an output of the inductor 124 1s connected

in series with an mput of the fixed output matching network
160. While FIG. 1 depicts a configuration of the tunable
resonator 120 where the iput of the vanable capacitor
(varactor) 122 1s directly connected to the drain 108 in the
transistor 104 and the output of the varactor 122 1s connected
in series to an mput of the inductor 124, in another configu-
ration the order 1s reversed with the input of the inductor 124
connected directly to the drain 108 and to the drain voltage
source 150 through the inductor 152, the output of the
inductor 124 connected 1n series to the mput of the varactor
122, and the output of the varactor 122 connected 1n series
to an mput of the fixed output matching network 160. In
FIG. 1, the capacitor 112 1s connected 1n parallel with the
drain 108 and source 110. In some embodiments, the capaci-
tor 112 represents internal capacitance within the transistor
104, while 1n other embodiments the capacitor 112 is a
discrete component 1n the amplifier 100.

The mput matching network 136 includes a combination
of capacitors and inductors to match an mput impedance of
the amplifier 100 to the impedance of the signal source 132.
Impedance matching 1s well-known to the art to prevent
signal echoes and to enable eflicient operation of the ampli-
fier 100. The input matching network 136 also acts as a
low-pass filter that attenuates high-frequency harmonics of
the iput signal 132 and other high-frequency noise sources
betfore the input signal reaches the transistor gate 106. The
input signal from the put signal source 132 1s a time-
varying signal that has, for example, a square wave, sinu-
soidal wave, or other time varying waveform within a
predetermined frequency range. In the embodiment of FIG.
1, the gate voltage source 140 (V ;) generates a voltage that
1s slightly higher than a gate threshold voltage in the
transistor 104. The gate voltage V - 1s supplied to the gate
106 through an inductor 142.

In the amplifier 100, the drain 108 1n the transistor 104 1s
connected to a drain voltage source 150 through an inductor
152 and the source 110 1n the transistor 104 1s connected to
ground 114. The drain 108 1n the transistor 1s connected to
an external drain voltage source 150, which 1s also referred
to as a supply voltage source, through an inductor 152. The
drain voltage source 150 provides electrical power to drive
the output of the amplifier 100. The drain 108 1s also directly
connected 1n series with the varactor 122 in the tunable
resonator 120.

The tunable resonator 120 includes the varactor 122 that
1s connected 1n series with the fixed inductor 124. The
varactor has an adjustable capacitance over a predetermined
range between a minimum capacitance level and a maxi-
mum capacitance level. Since the inductor 124 1s a fixed
inductor, changes to the capacitance of the varactor 122
result 1n a change of the resonant frequency for the tunable
resonator 120. The following equation describes the ideal
characteristics of the tunable resonator 120:

where m 1s the angular resonant frequency of the tunable
resonator, m, _ 1s the maximum tunable frequency, w_ . 1s
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the minimum tunable frequency, L _. 1s the fixed inductance
of the inductor 124, C,,__ 1s the capacitance of the varactor

122 that 1s selected tfor a tuned frequency, and Cy,; ... and
Cres.min are the maximum and minimum capacitance levels,
respectively, for the varactor 122. As depicted 1n the pre-

ceding equation, the ratio of Cy,, ... and Cg,, ..., defines the

upper and lower frequency bounds for the tunable resonator
120. For example, a tunable resonator on a band of 1 GHz

to 2 GHz has a ratio of C to C ratio of 4:1.

HRes max Res, min

The ratios provided 1n the i1deal equation are not neces-
sarily achievable 1n a practical embodiment of the amplifier
100. As 1s known 1n the art, varactors make use of reverse-
biased diodes. When used 1n an amplifier, the voltage swing,
on the diode 1s usually large as a high power 1s delivered
through the fixed output matching network 160 to the load
164. The power handling capability of diodes in the varactor
can handle the output power levels, but high voltage swing
also eflectively reduces the bias voltage of the diodes 1n the
varactor that control the capacitance level of the varactor.
The {following 1nequality 1illustrates this  point:
VorcVy <V, . -V,. where V.. 1s the total voltage
across the varactor 122, V. _ 1s the bias voltage that i1s
applied to the varactor to control the capacitance, where
higher V5. _voltages generate lower capacitance levels, and
V ... 1s the breakdown voltage of the diodes 1n the varactor.

(Given the restrictions with the varactor, the maximum
real-valued component of the output current 1.~ from the
amplifier 1s set forth 1n the following equation:

J QPDHI
RE — R;

where R, 1s the inherent resistance of the inductor 124 1n the
tuned resonator 120 (e.g. 3€2), and P_ ., 1s the maximum
output power level for the amplifier, (e.g. 2 watts). Using an
example amplifier configuration where R,=3£ and P_,_=2

W, I,-1s 0.8 A. The corresponding voltage swing across the
varactor 122 1s:

|
{U'CEES ’

Vrr = Igp X

which indicates that a smaller capacitance values and larger
resonant frequencies generate larger voltage swings V..
Since V , . must stay below the maximum value of V. the
practical range of frequencies for use with the varactor 122
may be limited 1n some embodiments. As described below,
in some embodiments the varactor 122 further comprises a
parallel array of multiple varactors, which are referred to as
varactor elements, to form a varactor that enables changing,
the resonant frequency of the tuned resonator 120 over a
wide range of frequencies 1n a predetermined frequency
band.

In combination, the tunable resonator 120 and the fixed
matching network 160 are referred to as a “tunable matching
network™ 1n which the tunable resonator 120 matches the
reactive portion of the impedance between the amplifier 100
and the load 164 while the fixed matching network 160
matches the real-valued portion of the impedance between
the amplifier 100 and the load 164. The fixed output match-
ing network 160 1s another matching network that includes
inductors and capacitors 1 a similar arrangement to the
input matching network 136. The tunable matching network
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including the tunable resonator 120 and the fixed output
matching network 160 performs impedance matching for an
output load 164 that receives the amplified signal from the
amplifier 100. The fixed output matching network 160 also
acts as a low-pass {filter to attenuate high-frequency noise
and harmonics from the output single in a similar manner to
the operation of the input matching network 136 to attenuate
high-frequency components from the input signal. For
example, 1n one embodiment that 1s described 1n more detail
below, the output load 164 has a 50£2 impedance while the
output of the tuned resonator 120 1s approximately 5£2 at a
predetermined maximum output power level of 2 watts.

During operation, the amplifier receives an input signal
132 and generates an amplified version of the signal for an
output load 164. The input matching network 136 receives
the mput signal 132 and generates an impedance-matched
mput signal for the gate 106 of the transistor 104. The
transistor 104 generates an output from the drain 108 using
the drain voltage source 150 to produce the output signal
from the drain. The varactor 122 in the tunable resonator 120
receives the amplified signal and the varactor 122 and
inductor 124 in the tunable resonator 120 generate an
amplified output signal at a predetermined tuned frequency
corresponding to the mput signal 132. The fixed matching
network 160 receives the signal and performs impedance
matching for a real-valued portion of the amplified output
signal to generate the final output signal for the output load
164. The tunable resonator 120 1s tuned to a frequency
corresponding to a frequency component in the mput signal
that 1s to be amplified to enable the amplifier 100 to match
the impedance of the output load 164 at the predetermined
frequency. In illustrative embodiments that are described
below, the gain levels for the amplifier are near 10 dB over
a wide band of frequencies with a strong degree of linearity.
The strong degree of linearity over a wide frequency band
for different power levels surpasses prior art amplifiers that
cannot maintain linearity outside of narrower frequency and
power ranges.

Prior art amplifiers optionally use a static output matching
network to match the output impedance of an output load.
The static output matching network produces an optimal
impedance Z,,, corresponding to a specific frequency 1, and
the required maximum output power, P, . However, the
prior art amplifiers experience sharp degradation 1n perfor-
mance 1 the operational conditions change. For example,
changes to the predetermined frequency of the amplified
signal and/or power levels degrade the amplifier perfor-
mance.

The tunable matching network that i1s depicted in the
amplifier 100 incorporates both the static fixed output
matching network 160 and the tunable resonator 120, which
acts as a dynamic component. The fixed output matching
network 160 1s coupled directly to the output load 164, and
matches the selected impedance for an optimal load of the
transistor 104 at maximum power (P,, ) over a predeter-
mined frequency band. The dynamic tunable resonator 120
1s placed between the fixed matching network 160 and the
transistor 104. The tunable resonator 120 adaptively tunes
the load to different load-line impedances according to
different output power. In this way, the power amplifier 100
implements band-reconfigurable and load-adaptive charac-
teristics to operate at an optimal condition at any frequency
point within the predetermined band and for different power
levels power levels.

In some embodiments of the amplifier 100, the fixed
matching network 160 1s implemented with multi-stage
L-sections to provide an optimal load-line at maximum
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power (P, ). ot ;=7 ({, Py,,.), where Z, . 1s an optimal
impedance that matches the load impedance Z,, over a wide
range of frequencies (1). For most of the hetero-junction
transistors, e.g., GaAs HEMTSs, the imaginary part of the
optimal impedance increases as P__ . decreases from P,, . .

while the real part remains constant. Therefore, the dynamic
tunable resonator 120 1s constructed using a series resonator
with a fixed inductor, L, 124 and a variable capacitor
(varactor 122), C,, . When the PA 1s operating at P,, , the
varactor 122 1s tuned to resonant with L, 124, leading to
£1=26,:,Prs. ). When the power decreases, the varactor
122 capacitance 1s tuned dynamically to increase the 1magi-
nary component of the load-line.

FIG. 2 depicts an embodiment of an amplifier electronic
circuit 200 that 1s an illustrative embodiment of the amplifier
100 configured to handle amplification of signals 1n a broad
range of several hundred megahertz to several gigahertz. In
one configuration, the amplifier 200 1s configured to amplity
signals 1n a range of approximately 1 GHz to approximately
2 GHz, although alternative configurations of the amplifier
200 can be tuned for lower frequency ranges or higher
frequency ranges, such as from 0.7 GHz to 2.7 GHz or from
500 MHz to 3 GHz. In one configuration, the amplifier 200
1s used in wireless communication system that transmits
voice, video, and other data.

The amplifier 200 includes the same general components
and configuration as the amplifier 100 including a transistor
204, input matching network 236, tunable resonator 220,
and fixed output matching network 260. FIG. 2 also depicts
terminals for a gate voltage source 240, drain voltage source
250, 1nput signal source 232, and output load 264. FIG. 2
turther depicts an bias voltage source 230 (V5. ) with that
generates a bias voltage to control the operation of a varactor
222 1n the tunable resonator 220. The bias voltage source
230 1s connected to the varactor 222 through an inductor
229. In the configuration of FIG. 2, the drain voltage source
250 1s also connected to an output of the varactor 222
through another inductor 252B. The electronic circuit 200
also 1includes bypass capacitors 202A, 2028, and 202C that
provide 1solation to the gate voltage source V ., bias voltage
source V5, ., and drain voltage source V , respectively. The
amplifier 200 1s configured to operate as a band-reconfigu-
rable amplifier over a wide frequency band and to be a load
configurable amplifier to match different load impedance
levels. During operation, the voltage output level of the bias
voltage source V5, _ 1s adjusted to increase or decrease the
capacitance of the varactor 222 within a predetermined
range. The changes to the capacitance of the varactor 222
enable the tunable resonator 120 to be tuned to a wide range
of resonant frequencies that correspond to the selected
frequencies 1n the input signal 132 that are amplified for the
output load 164.

In one embodiment of the amplifier 200, the transistor 204
1s embodied as a p-type high-electron-mobility transistor
(pHEMT). An example of a suitable pHEMT transistor 1s a
gallium-arsenide (GaAs) transistor, and an example of a
commercially available pHEMT transistor embodiment 1s
the MRFG35010 transistor that 1s manufactured by Frees-
cale Semiconductor, Inc. of Austin, Tex. The pHEMT tran-
sistors are suited to use in high-frequency amplifiers that
operate in frequency ranges of hundreds of megahertz up to
several gigahertz. In alternative embodiments, different
types of transistor can be used 1n high frequency ranges or
in lower frequency ranges for diflerent operational configu-
rations of the amplifier 200. For example, HBT, GaAs,
CMOS, GaN, Si1C, HEMT, SOI, SiGe, LDMOS, and stacked

variants of these transistor types are used in alternative
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embodiments. In the amplifier 200, the transistor 204
includes a gate 206 that 1s connected to an output of the mnput
matching network 236 and the gate voltage source 250 via
an 1nductor 242. The transistor 204 includes a drain 208 that
1s directly connected 1n series to the input of the varactor 222
in the tunable resonator 220 and further connected to the
drain voltage source terminal 250 through an inductor 252A.
While FIG. 2 depicts a configuration of the tunable resonator
220 where the input of the varactor 222 is directly connected
to the drain 208 in the transistor 204 and the output of the
varactor 222 1s connected in series to an input of the inductor
224, 1n another configuration the order 1s reversed with the
input of the mnductor 224 connected directly to the drain 208
and to the drain voltage source 250 through the inductor
252A, the output of the inductor 224 connected 1n series to
the input of the varactor 222, and the output of the varactor
222 connected 1n series to an mput of the fixed output
matching network 260. The transistor 204 further includes a
source 210 that 1s connected to ground 214.

The amplifier 200 includes a varactor 222 that further
comprises an array of varactor elements. As used herein, the
term “varactor element” refers to an individual varactor that
1s arranged with other varactor elements and optionally other
circuit elements to form a larger circuit that operates as a
varactor. In the embodiment of the amplifier 200, the varac-
tor 222 includes a plurality of varactor element pairs, such
as the varactor element pairs 270A-270B and 271A-271B.
An example of a commercially available varactor that 1s
suited for use as a varactor element 1s the MTV4090-12-1
varactor sold by the Aeroflex, Inc. of Plainview, N.Y. FIG.
2 depicts an internal schematic representation 280 for each
of the varactor elements in the varactor 222. Each varactor
clement 1s characterized by an inductor 282 that 1s connected
in series with a combination of a resistor 284 1n series with
a diode 286 that are both connected i1n parallel with a
capacitor 288. The inductor 282 corresponds to a parasitic
inductance 1n the varactor element. In one embodiment, the
parasitic inductor 282 has a value of 1.5 nH and the resistor
284 has a value of 1.2Q2. In alternative embodiments, the
varactor 222 includes one or more varactor elements formed
from silicon, on sapphire, silicon on insulator, compound
semiconductor, III-V, GaAs, MEMS, or ferroelectric varac-
tors. In particular, the configuration of the amplifier 200

enables high linearity levels (e.g. ACLR 1s <-35 dB) using
silicon and silicon on insulator varactors.

In the varactor 222, each varactor element pair 1s con-
nected 1n anti-series, which 1s to say that the cathodes of
cach pair of varactor elements are connected in series while
the anode of one varactor element 1s connected to the drain
208 while the anode of the other varactor element 1s con-
nected to the inductor 224 1n the tunable resonator 220. For
example, 1n the varactor element pair 270A and 270B the
anode of varactor 270A 1s connected to the drain 208, the
anode of the varactor 270B 1s connected to the inductor 224,
and the cathodes of the varactor elements 270A and 2708
are connected together. The varactor element pair 271A and
271B are connected in a similar arrangement and the pairs
of varactor elements are connected to each other 1n parallel
in the varactor 222. In the embodiment of FIG. 1, the bias
voltage source V5, _1s connected to the cathodes 1n each pair
of varactor elements. Thus, a single bias voltage from the
bias voltage source V5. _ controls the overall capacitance of
the entire varactor 222, and the varactor 222 with multiple
varactor elements 1s controlled in the same manner as a
single varactor. While FIG. 2 depicts a varactor 222 that
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includes five pairs of varactor elements, alternative embodi-
ments include only a single varactor or one or more pairs of
varactor elements.

The arrangement of varactor elements 1n the varactor 222
cnables the varactor 222 to continue operation with greater
levels of voltage swing and power levels than using only a
single varactor element. In the varactor 222, the voltage
swing 1s equally shared by two diodes 1n series, which leads
to 4 (22) times enhancement of power handling capabaility.
However, the parasitic inductance eflect 1s also doubled by
this series topology. To reduce the eflects of parasitic induc-
tance due to the inherent parasitic inductance 282 each
varactor element and the soldering connection, the varactor
222 includes 5 pairs of varactor elements in the anti-series
configuration of FIG. 2 that act as a single varactor. The
parasitic inductance results 1n negative eflect on the match-
ing accuracy. The series parasitic inductance in the varactor
222 optionally have a beneficial eflect since the parasitic
inductances are in-series with the varactor elements and
optionally provide some or all of the inductance of the
inductor 224 1n the tunable resonator 220.

In the amplifier 200, the imnput matching network 236 and
the fixed output matching network 260 are both embodied
using a combination of shunt open-stubs and transmission
lines that act as capacitors and inductors, respectively, 1n the
matching networks. The combination of a shunt open-stub
and transmission line forms an inductor-capacitor (LC)
circuit, and multiple LC circuits connected 1n series form a
multi-stage matching network. A shunt open-stub 1s an
clongated conductor that 1s electrically connected to other
components 1n an amplifier or other electric circuit at only
one location with two ends of the shunt open-stub being left
clectrically 1solated from the circuit. An example embodi-
ment of a shunt open-stub 1s an elongated electrical con-
ductor trace that 1s formed on an electrically insulated
printed circuit board (PCB) or other suitable substrate where
the shunt open-stub trace 1s connected to a transmission line
clectrical trace only at a location at or near the center of the
shunt open-stub. An example of a suitable PCB 1s a Rogers
Duroid 5880L7Z formed with a thickness of 0.5 mm that 1s
sold commercially by the Rogers Corporation of Rogers,
Conn. A transmission line 1s also and electrical conductor
that 1s formed on the PCB that connects one or more of the
shunt open-stubs together. In one embodiment, the inductor
224 1 the tunable resonator 220 1s also a transmission line.
The electrical conductor traces that form the shunt open-
stubs and transmission lines are formed from copper, alu-
minum, or another suitable electrical conductor. As 1s known
in the art, the length and width of the traces that form the
shunt open-stubs and the transmission lines affect the elec-
trical impedances of these components.

In the amplifier 200, the fixed matching network 260
includes shunt open-stubs 261A, 261B, and 261C, which are
cach formed with an impedance of approximately 20£2, and
lengths of 26 mm, 23 mm, and 12 mm, respectively. The
matching network 260 also includes transmission lines
262A and 262B that are formed with an impedance of 90¢2
and lengths of 2 mm and 6.5 mm, respectively. In the
embodiment of the amplifier 200, the tunable resonator 220
and the fixed output matching network 260 form a tunable
output matching network that i1s configured to matching a
5€2 output impedance of the amplifier 200 to an output load
264 that has an impedance of 30£2 at a frequency of
approximately 1.5 GHz. The fixed output matching network
260 also acts as a low-pass filter. While FIG. 2 depicts LC

circuits formed from the transmission lines and shunt-open
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stubs, 1n alternative embodiments discrete inductor and
capacitor components can be used to implement a fixed
matching network.

In the amplifier 200, the input matching network 236 also
includes a combination of shunt open-stubs 237A-237D and
transmission lines 238A-238C that form capacitors and
inductors, respectively, in the input matching network 236.
As described above, the mput matching network 236 1s
configured to match the impedance of an input signal source
232 with the input impedance of the amplifier 200 and acts
as a low-pass filter on the input signal. In the example of the
amplifier 200, the input matching network 236 includes four
stages formed from the four shunt open-stubs 237A-237D
and transmission lines 238A-238C while the fixed output
matching network only includes three stages formed from
the 261A-261C and transmission lines 262A-262B. The
iput matching network 236 includes the additional stage
because the input impedance of the transistor 204 varies
within a larger range from 5+27 at 1 GHz to 2-57 at 2 GHz.
Additionally, some transistor embodiments are sensitive to
the mput impedance at higher frequencies, e.g. >1.8 GHz,
which aflects the gain and power added ethiciency (PAE)
significantly. Therefore, the mput impedance matching net-
work 236 1s configured to provide the most accurate level of
input 1mpedance near the upper edge of the operational
frequency band for the amplifier 200, which 1s near 2 GHz
in the illustrative embodiment of FIG. 2. As 1s known 1n the
art, while additional stages to a matching network increase
the complexity of designing and manufacturing the match-
ing network, the additional stages also enable greater accu-
racy 1n matching the impedance between an input and
output. Consequently, in the embodiment of FIG. 2 the mnput
matching network 236 includes four stages, while the fixed
output matching network 260 is operable using only three
stages. Of course, alternative amplifier configurations
include greater or fewer stages for the input matching
network and fixed output matching network for different
operating modes, and the inductors and capacitors in the
both the mmput matching network 236 and the fixed output
matching network 260 optionally include discrete (lumped)
inductors and capacitors instead of or 1in addition to the
transmission lines and shunt open-stubs that are depicted in
FIG. 2. Examples of alternative inductor and capacitor
embodiments include on-chip components (e.g., CMOS,
GaAs MMIC), integrated passive devices (IPD), surface
mount devices (SMD), laminate, and PCB board.

As described above, the tunable resonator 220 and the
fixed output matching network 260 form a tunable matching
network for amplification of different frequencies and power
output levels during operation of the amplifier 200. FIG. 3
and F1G. 4 depict Smith charts that show the operation of the
tunable matching network within 1 GHz to 2 GHz frequency
range. In FIG. 3 and FIG. 4, the plots 340 represent the
covered dynamic load modulation (DLM) locus correspond-
ing to the capacitance value of the varactor in each configu-
ration. The fixed matching network 260 first brings S0€2 to
the region marked by the circles 350, where the impedance
1s almost frequency stable. The tunable resonator 220 brings
the impedance to the optimum point 1n respect of frequency
and power level as the bias voltage source V5, changes the
bias voltage of the varactor diode, e.g. V_ . =1V correspond-

ing to ZOPT of 0.2 W output power at 1 GHz, V,_ =80V
corresponding to ZOPT of 2 W output power at 2 GHz.
Theretfore, as shown 1n FIG. 4, the dynamic load modulation
locus 1s covered over the entire frequency range of 1-2 GHz
band 1n the illustrative embodiment of the amplifier 200.

Additionally, the tunable resonator 220 does not resonate 1n
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the same manner as an 1deal series LC resonator because the
reactances of the inductor and the capacitor do not perfectly
compensate each other. Instead, the tunable resonator 220
can be characterized by a resonating component including
the varactor 222, and a matching component that imncludes
the inductor 224 and further includes the fixed output
matching network 260. The topology of the amplifier 200
enables flexibility in the selection of the inductance value for
the inductor 224.

FIG. 5 depicts Smith charts for simulated and measured
impedance matching results for the tunable matching net-
work 1n the amplifier 200 using diflerent voltage bias levels
from the bias voltage source V. _ to the varactor 222. As 1s
known 1n the art, the capacitance of the varactor 222 drops
in response to increased bias voltage levels. Additionally, the
larger bias voltage levels are used when the amplifier 200
operates at or near the maximum output power level since
the increased power output level increases the voltage swing
across the varactor 222 and reduces the effectiveness of the
bias voltage V5. .. In FIG. §, the plots 504 and 508 depict
simulated and measured results, respectively, for the

matched impedance over a frequency range of 1 GHz to 2
GHz tor V,__levels of 2V (graph 350), 20V (graph 5354),

Bias

and 80V (graph 3558).

While FIG. 2 depicts an illustrative embodiment that uses
shunt open-stubs to form capacitors and transmission lines
to form inductors 1n an amplifier, alternative configurations
can use any other suitable selection of capacitor and inductor
components to form the matching networks. The particular
component selection 1n the matching networks 236 and 260
varies to accommodate mput and output loads with diflerent
impedance levels 1n the operational frequency range of the
amplifier 200.

FIG. 6 and FIG 7 include performance graphs depicting
the gain and efliciency levels of the amplifier 200 over a
frequency range of 1 GHz to 2 GHz and an output power
level of 0.2 watts to 2 watts. FIG. 6 depicts a graph 604 of
the voltage bias levels for control of the varactor 222 at
different frequencies at output power levels of 0.2 watts and
2 watts. In FIG. 6, the graph 608 depicts the output power
levels in dBm and gain levels 1n dB at the maximum output
power level of 2 watts. The graph 608 depicts strong
linearity in the gain for the amplifier 200 across the range of
frequencies from 1 GHz to 2 GHz with the gain remaining
in a relatively narrow range around 10 dB. The stable gain
across a wide frequency band exceeds the capabilities of
prior art amplifiers that typically only have linear gain across
much narrower frequency bands. The graph 612 depicts
cliciency levels for the amplifier 200 at different power
output levels ranging from 0.2 watts to 2 watts across the
frequency range from 1 GHz to 2 GHz. The illustrative
embodiment of the amplifier 200 reaches the highest average
level of efliciency at the maximum configured power output
level of 2 watts. FIG. 7 depicts a series of graphs that show
the results of dynamic modulation of the load over a range
of 1.1 GHz to 1.9 GHz to show the efliciency and gain of the
amplifier 200 under a wide range of operating conditions.

FIG. 8 depicts optimum bias voltage levels over a 1fre-
quency range ol 1 GHz to 2 GHz for the amplifiers 100 and
200 during maximum power operation (plot 804) and mm a 10
dB back-ofl mode (plot 808). FIG. 7 plots the measured
clliciency and gain of the amplifiers 100 and 200 on different
power levels 1 a frequency band of 1.1-1.9 GHz. At each
frequency point, the sigmificant efliciency enhancement can
be seen at power back-ofls. The efliciency improvement
at back-ofl power levels 1s typically >13% compared to the
PA 1n power back-ofl using a fixed load (statically biased at
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the maximum Pout point at each frequency point). As a
result of this dynamic load modulation, the amplifiers 100
and 200 operate with a 30%-65% efliciency over a 10 dB
power range for the entire bandwidth of 1 GHz to 2 GHz.
The reduction of DC power consumption using the optimi-
zation 1s set forth 1n the following equation:

PGHT _
Eff - static

PE‘HT
Eff -dynamic

PDC,REdHﬂIiGﬂ —

Typically, the increase of efliciency from 20% to 35% at 0.2
W power level (10 dB back-ofl) corresponds to the reduction
of DC power consumption of 0.43 W,

FIG. 9 depicts the operation scenario of dynamic load-line

adaption that 1s described above with reference to the
tunable matching networks in the amplifiers 100 and 200. In
FIG. 9, the graph 900 includes a plot 904 that represents the
power amplifier performance versus power when the tunable
matching network 1s tuned for the maximum output power.
As the power decreases, the load-line 1s adjusted through
tuning the tunable matching network to move the efliciency-
power curve towards the left side, as depicted by the
adaptive load plot 908, to enable high efliciency operation at
different power back-ofl levels. In turn, the efliciency-
optimal condition at different output power levels P, 1s
achieved by tracking the upper edge of this group of curves.
Moreover, the load-line adaption can also lead to desired
linearity performance, as shown 1n the graph 950. The curve
954 denotes the third-order intermodulation over power of
the static load-line case which 1s set for P,, . The graph 950
presents a deep notch at the power slightly lower than P, _,
denoting the best linearity point. The deep notch moves
towards left as the load-line 1s tuned on the plot 958, which
indicates that the linearity-optimal point can be tracked at
different P, by properly controlling the load-line. The
clliciency-optimal and linearity-optimal points are not
exactly the same. In realistic applications, a trade-off
between linearity and efliciency 1s necessary when tuning
the load-line according to a specific output power level

POUT‘

FIG. 10 1s an 1llustrative graph depicting linearity in the
output from the amplifiers 100 and 200. The illustrative
examples of FIG. 10 correspond to amplified communica-
tion signals for waveforms that are used in the long term
evolution (LTE) wireless communication standard, although
the amplifiers 100 and 200 can be used for amplification of
other signals as well. The peak-to-average ratio (PAR) of the
iput signal 1s around 8 dB, and the center frequency is
around 1.72 GHz. The graph 1000 depicts a test that is
conducted with the optimal load condition for the maximum
power level. The measured power-added-ethiciency (PAE)
versus output power 1s plotted as indicated by the curve 1004
in the graph 1000. Then, the load 1s changed and difl

erent
curves are generated in grey showing the different operating
condition for different power level. The graph 1050 depicts
the lineanty performance using an adjacent channel leakage
ratio (ACLR) metric. Given the fact that <-35 dB of ACLR
1s required by the 4G communication standard. The inter-
ception points are extracted as indicated 1n the graph 1050
along line 1054 and the plot 1058, which show the optimal
operational conditions at diflerent power level for 4G appli-
cation. Using interpolation, the respective PAE 1s extracted
and depicted as plot 1008 1n the graph 1000. The results
from FIG. 10 indicate that the amplifiers 100 and 200 are

suitable for linear operation with high efliciency while




US 10,601,380 B2

13

meeting the specifications for signal amplification 1n the
LTE standard and in other wireless communication stan-
dards.

While FIG. 3-FIG. 10 depict operational characteristics
for embodiments of the amplifiers 100 and 200 over a
frequency range of 1 GHz to 2 GHz and output power levels
of 0.2 W to 2 W, these operational characteristics are merely
illustrative and non-limiting examples of the operation of the
amplifiers 100 and 200 under certain configurations. For
example, 1n alternative embodiments the tunable matching
network 1s configured to enable the amplifiers to operate
over different frequency ranges, which include lower fre-
quency ranges in the hundreds of megahertz (e.g. 500
MHz-1.5 GHz frequency range) or higher frequency ranges
(e.g. 1.7 GHz-2.7 GHz frequency range). While a 1 GHz
tunable frequency band 1s described above for illustrative
purposes, alternative embodiments can include broader fre-

quency bands or narrower frequency bands for different
amplifier applications (e.g. 500 MHz-1 GHz, 1 GHz-1.7

GHz, or 1.7 GHz-3.0 GHz). Additionally, while the amplifier
200 15 described above 1in power output modes between 0.2
W and 2 W, the output power levels from different amplifier
configurations can include a range of power output levels
including both lower mimmum power output levels (e.g.
0.002 W-2 W), and/or higher maximum output power levels
(e.g. 0.002 W-5 W). More generally speaking, the opera-
tional power level for different embodiments of the ampli-
fiers 100 and 200 vary from peak power (e.g., <10 W) to
more than 10-dB below the peak power (i.e., >10-dB power
back-oil).

While the embodiments depicted are described 1n con-
junction with a power amplifier, the tunable matching net-
work can be incorporated into other circuits as well. FI1G. 11
depicts the tunable matching network circuit 1104 that
includes the tunable resonator 1120 and fixed output match-
ing network 116. An mput signal 1132 1s provided with a
frequency 1n a predetermined frequency range and power
level 1n a predetermined range of power levels. The tunable
resonator 1120 includes a variable capacitor 1124 that 1s
connected 1n series with an inductor 1128. While FIG. 11
depicts a configuration of the tunable resonator 1120 where
the input of the variable capacitor (varactor) 1124 1s directly
connected to the mput signal 1132 and the output of the
varactor 1124 1s connected in series to an input of the
inductor 1128, in another configuration the order 1s reversed
with the mput of the inductor 1128 connected directly input
signal 1132, the output of the inductor 1128 connected 1n
series to the mput of the varactor 1124, and the output of the
varactor 1124 connected 1n series to an mput of the fixed
output matching network 1160. The fixed output matching
network 1160 includes one or more stages with LC circuits
such as the inductor 1152 and capacitor 1156. The output of
the fixed matching network 1160 1s connected to an output
load 1164. During operation, the capacitance of the variable
capacitor 1124 1s adjusted to enable the output impedance of
the tunable matching network to generate an output from the
input signal 1132 that matches the impedance of the load
1164 over a wide frequency band and at different power
levels. The tunable output matching circuit 1104 provides
impedance matching with a high degree of linearity over a
wide frequency band and for different power levels.

FIG. 12 depicts an embodiment of the tunable matching
network circuit of FIG. 11. The tunable matching network
circuit 1200 in FIG. 12 includes the tunable resonator 1220
and fixed output matching network 1260. The tunable reso-
nator 1220 includes an input that receives the iput signal
1132 to an input of a varactor 1222, which 1s connected 1n
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series to an inductor 1224. While FIG. 12 depicts a con-
figuration of the tunable resonator 1220 where the input of
the varactor 1222 1s directly connected to the mput signal
1132 and the output of the varactor 1222 1s connected 1n
series to an mput of the inductor 1224, 1n another configu-
ration the order 1s reversed with the input of the inductor
1224 connected directly mput signal 1132, the output of the
inductor 1224 connected 1n series to the input of the varactor
1222, and the output of the varactor 1222 connected 1n series
to an mput of the fixed output matching network 1160. The
varactor 1222 1s operated by a bias voltage source V.

Iy

1230 through an inductor 1229 to adjust the capacitance of
the varactor 1222 and control the frequency of the tunable
resonator 1220. The varactor 1222 includes the same array
ol varactor elements as described above 1n the varactor 222

of FIG. 2. The output of the inductor 1224 1n the tunable

resonator 1220 1s connected 1n series to an input of the fixed
output matching network 1260. The fixed output matching
network 1260 includes the open-stubs 1261A, 12618, and
1261C that act as capacitors and transmission lines 1262A
and 1262B that act as inductors to form LC circuits. In the
illustrative embodiment of FIG. 12, the fixed output match-
ing network 1260 1s configured as a three-stage L.C network
in a similar manner to the fixed output matching network
260 of FIG. 2, although alternative embodiments can include
a greater or lesser number of stages. The output of the fixed
matching network 1260 1s connected to the output load 1164.

It will be appreciated that varants of the above-described
and other features and functions, or alternatives thereof, may
be desirably combined into many other different systems,
applications or methods. Various presently unforeseen or
unanticipated alternatives, modifications, variations or
improvements may be subsequently made by those skilled 1n
the art that are also intended to be encompassed by the
following claims.

What 1s claimed:

1. An electronic circuit comprising an mmput matching
network, a fixed output matching network, a transistor, and
a tunable resonator, the transistor comprising;:

a gate connected to the input matching network;

a source connected to ground; and

a dramn directly connected to an imput of the tunable

resonator; and the tunable resonator comprising:
a varactor; and
an inductor connected 1n series to the varactor; and
an output of the tunable resonator being connected to an
input of the fixed output matching network; and

wherein the varactor 1s connected to a bias voltage source
that generates a bias voltage to adjust a capacitance
level of the varactor between a predetermined mini-
mum capacitance and a predetermined maximum
capacitance.

2. The electronic circuit of claim 1, the varactor and the
inductor further comprising:

an input in the varactor directly connected 1n series to the

drain of the transistor and the input of the varactor
being configured to be connected to a drain voltage
source; and

an input of the mductor connected 1n series to an output

of the varactor with an output of the inductor being
connected 1n series to the mput of the fixed output
matching network.

3. The electronic circuit of claim 1 wherein the transistor
further comprises a gallium-arsenide p-type high-electron-

mobility transistor (pHEMT).



US 10,601,380 B2

15

4. The electronic circuit of claim 1 wherein a ratio of the
predetermined maximum capacitance and the predetermined
mimmum capacitance of the varactor 1s approximately eight
to one.

5. The electronic circuit of claim 1, the fixed output
matching network further comprising:

at least one shunt open-stub connected to the output of the

inductor 1n the tunable resonator; and

at least one transmission line connected to the at least one

shunt open-stub, the at least one transmission line being
configured to be connected to an output load.
6. The electronic circuit of claim 3 wherein the fixed
output matching network matches an eflective impedance of
the output load to an impedance of the transistor at a
predetermined output frequency.
7. The electronic circuit of claim 6 wherein the predeter-
mined output frequency 1s 1n a range of approximately 500
MHz to 3 GHz.
8. The electronic circuit of claam 1 wherein the output
signal 1s generated with an adjacent channel leakage ratio
that 1s less than -35 dB.
9. The electronic circuit of claim 1 wherein the transistor
turther comprises a transistor selected from the list of: HBT,
GaAs, CMOS, GaN, SiC, HEMT, III-V, SOI, SiGe,
LDMOS, and stacked transistor variants.
10. The electronic circuit of claim 5 wherein the at least
one transmission line has a first impedance and the at least
one shunt open-stub has a second impedance, the first
impedance being greater than the second impedance.
11. The electronic circuit of claim 1, wherein the fixed
output matching network delivers an output signal to an
output load with power level 1n a range of approximately
0.002 watts to 5 watts.
12. The electronic circuit of claim 1 wherein the nput
matching network 1s configured to receirve an mput signal
having a first power level and an input frequency in a range
of between approximately 1 GHz and 2 GHz, the tunable
resonator 1s tuned to the input frequency, and the electronic
circuit generates an output signal from an output of the fixed
output matching network having the input frequency and a
second power level that 1s greater than the first power level.
13. A method for signal amplification comprising:
generating with an mnput matching network an impedance
matched signal corresponding to an input signal, the
impedance matched signal being provided to a gate of
a transistor to control operation of the transistor;

generating with the transistor an output through a drain of
the transistor that i1s directly connected to an input of a
varactor i response to the impedance matched signal
from the mput matching network;

generating with the varactor and an inductor connected to

an output of the varactor an amplified output signal
corresponding to the mput signal; and

generating with a bias voltage source a bias voltage to

adjust a capacitance level of the varactor between a
predetermined minimum capacitance and a predeter-
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mined maximum capacitance, the capacitance level
corresponding to an output frequency of the output
signal.

14. A matching circuit comprising:

a tunable resonator having an input configured to be
connected directly to an input signal source, the tunable
resonator further comprising:

a varactor; and
an 1nductor connected 1n series with the varactor; and

a fixed output matching network comprising at least one
inductor-capacitor (LC) circuit with an input that is
connected 1n series to an output of the inductor and an
output that 1s configured to be connected to an output
load; wherein

the varactor further comprises an input directed connected
in series to the mput signal source; and

the inductor further comprises an input connected 1n
series to an output of the varactor and an output
connected 1n series to the mput of the fixed output
matching network.

15. The matching circuit of claim 14, the varactor further

comprising;

at least one pair of varactor elements comprising;

a {irst pair of varactor elements connected in series with
an anode of one varactor element 1n the first pair
being connected to an 1input of the varactor, a cathode
of the one varactor element in the first pair being
connected to a cathode of the other varactor element
in the first pair, and an anode of the other varactor
clement 1n the first pair being connected to an output
of the varactor.

16. The matching circuit of claim 15, the varactor further
comprising;

a second pair of varactor elements connected 1n series
with an anode of one varactor element in the second
pair being connected to the input of the varactor, a
cathode of the one varactor element 1n the second pair
being connected to a cathode of the other varactor
clement 1n the second pair, and an anode of the other
varactor element 1n the second pair being connected to
the output of the varactor, the second pair of varactor
clements being connected in parallel with the first pair
of varactor elements.

17. The matching circuit of claim 16, the fixed output

matching network further comprising:

at least one shunt open-stub connected to the output of the
inductor; and

at least one transmission line connected to the at least one
shunt open-stub, the at least one transmission line being,
configured to be connected to the output load.

18. The method of claim 13, wherein a ratio of the
predetermined maximum capacitance and the predetermined
minimum capacitance of the varactor 1s approximately eight
to one.
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